Introduction In order to minimize perioperative invasiveness and improve the patients' functional capacity of daily living, we have performed minimally invasive lumbar decompression and posterolateral fusion (MIS-PLF) with percutaneous pedicle screw fixation for degenerative spondylolisthesis with spinal stenosis. Although several minimally invasive fusion procedures have been reported, no study has yet demonstrated the efficacy of MIS-PLF in degenerative spondylolisthesis of the lumbar spine. This study prospectively compared the mid-term clinical outcome of MIS-PLF with those of conventional PLF (open-PLF) focusing on perioperative invasiveness and patients' functional capacity of daily living. Materials and methods A total of 80 patients received single-level PLF for lumbar degenerative spondylolisthesis with spinal stenosis. There were 43 cases of MIS-PLF and 37 cases of open-PLF. The surgical technique of MIS-PLF included making a main incision (4 cm), and neural decompression followed by percutaneous pedicle screwing and rod insertion. The posterolateral gutter including the medial transverse process was decorticated and iliac bone graft was performed. The parameters analyzed up to a 2-year period included the operation time, intra and postoperative blood loss, Oswestry-Disability Index (ODI), Roland-Morris Questionnaire (RMQ), the Japanese Orthopaedic Association score, and the visual analogue scale of low back pain. The fusion rate and complications were also reviewed. Results The average operation time was statistically equivalent between the two groups. The intraoperative blood loss was significantly less in the MIS-PLF group (181 ml) when compared to the open-PLF group (453 ml). The postoperative bleeding on day 1 was also less in the MIS-PLF group (210 ml) when compared to the open-PLF group (406 ml). The ODI and RMQ scores rapidly decreased during the initial postoperative 2 weeks in the MIS-PLF group, and consistently maintained lower values than those in the open-PLF group at 3, 6, 12, and 24 months postoperatively. The fusion rate was statistically equivalent between the two groups (98 vs. 100%), and no major complications occurred. Conclusion The MIS-PLF utilizing a percutaneous pedicle screw system is less invasive compared to conventional open-PLF. The reduction in postoperative pain led to an increase in activity of daily living (ADL), demonstrating rapid improvement of several functional parameters. This superiority in the MIS-PLF group was maintained until 2 years postoperatively, suggesting that less invasive PLF offers better mid-term results in terms of reducing low back pain and improving patients' functional capacity of daily living. The MIS-PLF utilizing percutaneous pedicle screw fixation serves as an alternative technique, eliminating the need for conventional open approach.
Introduction
In recent years, several minimally invasive spine surgeries have gained popularity. The purpose of minimally invasive spine surgery is to minimize the skin incision and perioperative pain, thereby achieving an early recovery and improvement of patients' QOL. Recently, minimally invasive spine surgery such as endoscopic spine surgery has evolved into minimally or less invasive spinal instrumentation surgery.
Minimally invasive transforaminal lumbar interbody fusion (MIS-TLIF) has been reported by several authors [1, [7] [8] [9] 14] . Subsequently, Foley et al. [4] introduced a percutaneous pedicle screw insertion and rod assembly system (CD Horizon Sextant, Medtronic, Memphis, TN, USA) for MIS-TLIF. After the introduction of the Sextant system, several authors reported their experience of using it for MIS-TLIF [6, [10] [11] [12] [13] . However, the use of the Sextant system for lumbar posterolateral fusion (PLF) has been scarcely reported in the literature. Foley et al. [5] reported a revision case of L5-S1 anterior peudarthrosis treated by MIS-PLF using the Sextant system, achieving a successful fusion.
For the treatment of lumbar degenerative spondylolisthesis, we have several available surgical strategies including posterior decompression alone, PLF, and posterior interbody fusion, based on the spinal slippage and instability, spinal alignment, and sagittal facet joint inclination. Although the debate regarding the surgical strategy is not settled yet, many cases of degenerative spondylolisthesis have been treated by PLF without an interbody fusion requiring a facet resection and intervertebral disc destruction [15] [16] [17] . Our concept was to make PLF less invasive with a clinically equivalent outcome, thereby improving patients' function and quality of life.
Since 2005, we have performed MIS-PLF for lumbar degenerative spondylolisthesis with spinal stenosis using a percutaneous pedicle screw insertion and rod assembly system. The main incision has been minimized to 4 cm to make the surgery less invasive and promote better functional capacity postoperatively. The objective of this study was to prospectively compare the mid-term clinical result of MIS-PLF with those of conventional PLF, focusing on the surgical invasiveness and patients' functional capacity of daily living.
Materials and methods

Patient demographics
Since May 2005, a total of 80 patients received a singlelevel posterior decompression and PLF for lumbar degenerative spondylolisthesis with spinal stenosis. The slipped vertebrae were L4 in 76 patients and L3 in 4 patients. There were 27 males and 53 females. The average age at surgery was 65 years (37-84). The patients were required to demonstrate the apparent intermittent neurological claudication and/or radicular neurological symptoms preoperatively, which were explained by neural compression due to spondylolisthesis with spinal stenosis. The patients complaining the low back pain alone preoperatively were not included in this study. The patients were prospectively assigned to receive one of the following surgical techniques: MIS-PLF and open-PLF. This assignment was performed by a patient after the preoperative explanations including a risk and benefit of both procedures. This study design received permission by the ethics committee in the University. Forty-three cases underwent MIS-PLF and 37 patients underwent open-PLF. There were no statistical differences between two surgical groups in terms of gender, age, vertebral level, and the degree of spondylolisthesis (% slip) ( Table 1) .
Surgical procedures
The surgical technique of MIS-PLF included a midline incision (4 cm) and neural decompression by bilateral medial facetectomy. After this, small parasagittal incision of 1.2 cm was made under A-P fluoroscopy and the PAK needle (Medtronic) was placed on the medial edge of the transverse process. Then, it was gradually advanced to the pedicle and posterior half of the vertebral body. After the guide wire was placed, drilling and tapping procedures were performed followed by pedicle screw placement using a screw extender (Medtronic). L4 and L5 pedicle screws were unilaterally placed, and the rod was then inserted and tightened by means of the Sextant system (Medtronic) (Fig. 1) . Using the same incision, the cancellous bone was harvested from the posterior aspect of the iliac crest. After creating the bilateral posterolateral gutter, which included the medial half of the transverse process, the lamina, and facet joints were carefully decorticated using a specially designed expandable retractor (Pipeline, Depuy Spine, Inc., Raynham, MA, USA). The morcellated cancellous bone was grafted bilaterally (Fig. 2) . The subjects in the open-PLF group underwent a conventional PLF following posterior neural decompression including a midline skin incision (average 12 cm) and bilateral pedicle screw fixation using a polyaxial pedicle screw and rod system. The graft bone was harvested from the posterior aspect of the iliac bone using the same skin incision.
Quantitative analyses of clinical outcome
The surgical parameters included the operation time, intraoperative and postoperative blood loss at days 1 and 2, and days required for drainage tube removal. The laboratory data for serum hemoglobin (s-Hb), C-reactive protein (CRP), and creatine phosphokinase (CPK) were also recorded preoperatively, and then on postoperative days 1, 3, 7, and 14 ( Fig. 3 ). The following parameters were analyzed: Japanese Orthopaedic Association (JOA) score, Oswestry-Disability Index (ODI), Roland-Morris Questionnaire (RMQ), and visual analogue scale of low back pain (LBP VAS). Except for the JOA scores, the questionnaires were filled out by each patient without supervision by a medical doctor. The ODI and RMQ were evaluated preoperatively, and postoperatively at weeks 2, 3, and 6, and then at 12 and 24 months. LBP VAS was evaluated preoperatively, and on postoperative days 1, 3, 7, and 14 and then at 6 and 12 months. The preoperative JOA score, ODI, RMQ, and LBP VAS demonstrated no Table 1 ). The fusion status was evaluated by X-ray and CT scans at the final follow-up visit. The surgical complication rate was also reviewed.
Statistical analysis
Each parameter was compared using the unpaired student's t test between the two surgical groups.
Results
The average postoperative follow-up period was 32 (24-49) and 40 (24-60) months in the MIS-PLF and open-PLF groups, respectively. The average operation time was 172 ± 33 and 176 ± 37 min in the MIS-PLF and open-PLF groups, respectively, which was not statistically different. The intraoperative and postoperative blood losses are indicated in Table 3 . The average intraoperative blood loss was 181 and 453 mL in the MIS-PLF and open-PLF groups, respectively, which was statistically different (P \ 0.01). The postoperative blood loss in the MIS-PLF group was significantly less than that in the open-PLF group on day 1 (P \ 0.01). The average days required for drainage tube removal were 3.4 and 4.8 in the MIS-PLF and open-PLF groups, respectively, which was statistically different (P \ 0.01). Laboratory data are represented in Table 2 . The preoperative s-Hb was statistically similar between the two surgical groups, however, it was lower in the open-PLF group compared to the MIS-PLF group on postoperative day 1 (P \ 0.01). After day 3, the level gradually recovered in both groups. The maximum postoperative serum CRP levels were 6.6 and 7.6 in the MIS-PLF and open-PLF groups, respectively; however, this difference was not significant. CRP levels in the MIS-PLF group tended to decrease more rapidly; however, there was no statistical difference found between the two groups. The CRP levels on day 14 were 0.4 and 0.3 in the MIS-PLF and open-PLF groups, respectively, demonstrating that a reduction occurred in both groups. The CPK levels elevated to maximum values of 807 and 854 in the MIS-PLF and open-PLF groups, respectively, which were not statistically different. The CPK levels on day 3, 7, and 14 were statistically equivalent in both groups.
The average preoperative JOA scores were 11.1 and 12.6 in the MIS-PLF and open-PLF groups, respectively, which were statistically similar ( Table 1 ). The average follow-up JOA scores were 23.5 and 22.8 in the MIS-PLF and open-PLF groups, respectively, which were also statistically equivalent. The recovery rates of the JOA score were 63.1 and 59.9% in each group, respectively. The timerelated change of ODI value indicated in Fig. 4 . The average preoperative ODI values were 52.0 and 48.9 for each group, respectively, which were statistically equivalent. At 2 weeks postoperatively, the ODI value in the MIS-PLF group reduced dramatically. There was a statistical significant difference in ODI values between the two groups at 2 weeks postoperatively (P \ 0.01). At 3 months, the MIS-PLF group demonstrated further decrease to an average of 13.2; however, the average score for the open-PLF group remained 32.1, which was a statistically significant. This difference was maintained at 6, 12, and 24 months postoperatively (P \ 0.01). The average preoperative RMQ values were 12.2 and 13.7, respectively, which were statistically equivalent ( Fig. 5) . At 2 weeks postoperatively, the RMQ value in the MIS-PLF group reduced to 7.8. There was a statistical difference of RMQ value at 2 weeks between two groups (P \ 0.01). At 3 months, MIS-PLF group showed further decrease to 5.1; however, the Open-PLF group remained at 10.9. There was also significant difference between two groups. This difference was maintained until 6, 12, and 24 months postoperatively (P \ 0.01).
The preoperative LBP VAS of low back pain were 73.0 and 73.7 in the MIS-PLF and open-PLF groups, respectively (Fig. 6) . Postoperatively, both groups demonstrated a rapid reduction in their LBP VAS, which was maintained until day 14; however, the decrease was more pronounced in the MIS-PLF group. The LBP VAS on day 3 in the MIS-PLF group was statistically lower than that in the open-PLF group (P \ 0.02).
Radiological evaluation demonstrated that solid fusion was achieved in 42 out of 43 cases (98%) in the MIS-PLF group, and in all 37 cases (100%) in the open-PLF group.
The one case of pseudarthrosis in the MIS-PLF group had no symptoms, there was no implant failures or displacement, and no revision surgery was required. Although the radiographic assessment of fusion had a limitation in accuracy due to the presence of hardware, the parasagittal CT scans were relatively useful for assessing the bony continuity between consecutive facet joints and transverse processes (Fig. 7) .
There were no major complications, such as neural and vascular injury or deep wound infections. However, two cases in the MIS-PLF group demonstrated some surgical difficulty in rod passage during the percutaneous rod placement procedure. In these cases, the rods were placed directly on heads of pedicle screws via extended midline skin incisions involving lateral intramuscular exposure, but without conversion to a major open procedure. Both cases successfully led to solid bony fusion without implant failures.
Discussion
In recent years, there have been several case series and comparative studies on minimally invasive lumbar spine fusions [1, [6] [7] [8] [9] [10] [11] [12] [13] [14] . In the present study, percutaneous pedicle screw-rod instrumentation was used for MIS-PLF. Through a 4 cm main incision, neural decompression was performed with medial facetectomies, and the iliac bone was grafted at bilateral decorticated lateral gutters using a specially designed expandable retractor. When compared to the open-PLF group that required average incision of 12 cm, a statistically equivalent fusion rate (97%) was achieved in the MIS-PLF group (vs. 100% in the open-PLF group). Table 3 summarizes the surgical times and intraoperative blood loss of MIS-PLF and Open-PLF in this study with comparative data from previously published TLIF reports [2, 3, 6, [10] [11] [12] [13] . In previous TLIF studies, the MIS procedure tended to take more surgical time than open TLIF [3, 6, 10, 11, 13] ; however, some authors reported a shorter surgical time [2, 12] . There has been a significant learning curve reported for minimally invasive interbody fusion [2, 3, 6, [10] [11] [12] [13] , which could be influencing the surgical time variation. In the present study, a statistically equivalent surgical time was demonstrated between the MIS-PLF and open-PLF groups. However, there is an obvious learning curve in the percutaneous pedicle screwrod instrumentation and bone grafting in small surgical area. After overcoming the initial learning curve, the surgical time in our study became sufficiently short.
In terms of the intraoperative blood loss, previous studies reported less blood loss for MIS surgery compared to open surgery [2, 3, 6, [10] [11] [12] [13] (Table 3 ). In the present study, there was significantly less blood loss in the MIS- In the present study, the LBP VAS demonstrated a more rapid reduction in the MIS-PLF group over the initial seven days postoperatively than it did in the open-PLF group. The significant difference was observed at day 3 (P \ 0.05). Although the VAS evaluation intrinsically contains the uncertainty from a wide variation of data, the MIS fusions including our study generally reduce the LBP VAS through postoperative day 1-7, when compared to open procedures. Specifically, MIS-PLF in the present study had a tendency of reducing the postoperative pain over the early postoperative period between days 1 and 3.
There are few studies that have evaluated LBP-specific functional parameters such as the ODI to assess the impact of minimally invasive procedures [3, 11, 13] . Fan et al. [3] reported the ODI changes between MIS and Open groups until 12 months postoperatively. Although the MIS group exhibited a lower ODI score compared to the open group, there was no statistical difference between the two groups. Peng and Schizas [11, 13] also demonstrated a reduction in ODI scores at 24 months postoperatively in both MIS and Open groups; however, there was no statistical difference between the MIS and Open groups. The present study clearly demonstrated that there is a significant reduction in ODI values in patients who have undergone MIS-PLF when compared to those undergoing open-PLF surgery between 2 weeks until 24 months postoperatively, when the study observation period ended. This superiority of LBP-specific functional parameters may be explained by the minimum incision of skin and lumbosacral fascia as well as a reduction of paravertebral muscle damage using a retractor [3, 8] . However, in the future comparison with large number of patients, this significance should be reevaluated and the factors influencing LBP-specific functional parameters should be analyzed precisely.
There have been several surgical complications reported for the MIS fusion procedure. Schwender et al. [14] reported a surgical complication rate of 6.1%, including pedicle screw malposition, cage displacement, and iatrogenic foraminal stenosis in 49 cases of MIS-fusion using the Sextant system. Dhall et al. [2] reported a surgical complication rate of 14.2%, which included pedicle screw malposition, cage displacement, and a dural tear in miniopen fusion procedure. Many authors are experienced in using the different MIS techniques, and many have concluded that there is a significant learning curve involved in The major limitation of this study was a non-randomized setting in the study design. Importantly, the quantitative assessments of VAS and LBP-specific functional questionnaires based on patients' subjective evaluation could be influenced by patients' assignment into groups. The patients assigned into MIS-PLF group may expect less pain and better function, influencing the positive quantitative data.
In summary, the mid-term clinical outcomes of MIS-PLF were prospectively compared to those of open-PLF, focusing on surgical invasiveness and the resultant patients' functional capacity. The MIS-PLF procedure was demonstrated to be far less invasive when compared to conventional open-PLF. The superior outcomes for postoperative low back pain and functional parameters in the MIS-PLF group was maintained until 2 years, suggesting that it has a better mid-term effect on back muscle preservation.
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